Abstract The CCN family of proteins consists of 6 members (CCN1-CCN6) that share conserved functional domains. These matricellular proteins interact with growth factors, extracellular matrix (ECM) proteins, cell surface integrins and other receptors to promote ECM-intracellular signaling. This signaling leads to propagation of a variety of cellular actions, including adhesion, invasion, migration and proliferation within several cell types, including epithelial, endothelial and smooth muscle cells. Though CCNs share significant homology, the function of each is unique due to distinct and cell specific expression patterns. Thus, their correct spatial and temporal expressions are critical during embryonic development, wound healing, angiogenesis and fibrosis. Disruption of these patterns leads to severe development disorders and contributes to the pathological progression of cancers, vascular diseases and chronic inflammatory diseases such as colitis, rheumatoid arthritis and atherosclerosis. While the effects of CCNs are diverse, this review will focus on the role of CCNs within the vasculature during development and in vascular diseases.
Introduction
CCN proteins are complex components of the extracellular matrix (ECM) that affect many diverse biological processes. The acronym originates from the names of the first three proteins of the group that were first identified, (cysteine-rich 61 (CYR61) -CCN1 / connective tissue growth factor (CTGF) -CCN2 / nephroblastoma overexpressed (NOV) -CCN3)) and to date there are six proteins within this family. The other three, WISP1 (CCN4), WISP2 (CCN5) and WISP3 (CCN6), are Wnt-inducible secreted proteins that were later classified as CCNs based on homology to the seminal members. This group of proteins are characterized by a modular domain structure with strictly conserved cysteine residues which form disulfide bonds throughout each molecule (Holbourn et al. 2009 ). Each CCN protein contains an N-terminal secretion signal-peptide followed by domains with homology to insulin growth factor binding protein (IGFBP), von Willebrand factor type C (vWC), and thrombospondin type 1 repeat (TSP-1) (see Fig. 1 ). Additionally, all members except for CCN5 share a cysteine knot motif at their carboxyl end, most commonly found in proteins involved in dimerization and/or heparin binding Vilmos et al. 2001) . This makes CCN5 an intriguing member of this group that can potentially act as a natural dominant negative to one or more of the other CCNs in vivo. While the literature citing the importance of CCN proteins in both development and in pathological conditions is extensive, this review will focus on the roles of CCNs within the vasculature.
The major published function of CCN proteins deposited within the extracellular matrix is to promote ECM-cell signaling rather than to maintain the fidelity of the matrix, thus classifying them as matricellular proteins (Bornstein 2009; Bornstein and Sage 2002) . Within the vessel, CCN-initiated signals contribute to the maintenance of vessel integrity during homeostasis which makes the tightly regulated of expression of CCNs important. Inciting of injury or disease disrupts this expression pattern and dysregulation occurs.
Role of CCNs in vascular development and homeostasis
CCN1 (Cyr61) is classified as a growth factor-inducible protein produced by an immediate-early gene that is widely expressed in the cardiovascular system during development. Both endothelial cells (EC) and vascular smooth muscle cells (VSMC) express CCN1 during development with diminished expression found within the patent vessel. Experiments performed using the CCN1 promoter show that cardiac expression of CCN1 occurs as early as E8.5 in a mouse embryo and persists until E11.5 (Kireeva et al. 1997; Mo and Lau 2006; Mo et al. 2002) , with subsequent expression in all major arteries within the circulatory system. CCN1 null mice die by E14.5 due to improper chorioallantoic fusion or vascular structural defects (Mo et al. 2002) , further emphasizing the importance of CCN1 in proper fetal vascular development.
Similar to CCN1, CCN2 (CTGF) is also a growth factorinducible protein produced by an immediate-early gene, whose expression is rapidly upregulated in response to growth factors and other ECM stimuli (Hall-Glenn and Lyons 2011; Ponticos 2013 ). CCN1 and CCN2 also share similar spatial and temporal expression patterns, which suggests these two proteins have some amount of functional redundancy. CCN2 is expressed in EC, VSMC and pericytes within the blood vessels and heart during development and is an important regulator of EC-pericyte interactions (Chuva de Sousa Lopes et al. 2004; Hall-Glenn et al. 2012; Ivkovic et al. 2003) . Not surprisingly, CCN2 null mice are lethal, dying shortly after birth, with severe pulmonary, skeletal and vascular defects observed. These mice show dysregulation of the microvascular with insufficient pericyte localization and vessel maturation along with disruption of basement membrane organization, which suggests CCN2 is important for both ECM organization and embryonic angiogenesis (Ivkovic et al. 2003) .
While sharing many of the structural aspects of CCN1 and CCN2, within the vasculature, CCN3 (Nov) seems to be functionally divergent, acting as a counterbalance to protect from excess or aberrant vessel growth, especially in VSMC. CCN3 was first isolated from nephroblastoma tissue in newborn chicks infected with the MAV-1(N) avian retrovirus (Joliot et al. 1992) . CCN3 is expressed in a wide variety of tissues including fibroblasts, EC and VSMC during development (Kocialkowski et al. 2001; Perbal 2001; Su et al. 2001 ) with continued expression in aortas of fully developed mice as well as in healthy human aortic tissue (Zhang et al. 2016) . Recent studies have shown that CCN3 can affect vascular function by regulation of endothelial cell inflammation and neointimal hyperplasia (Lin et al. 2010; Shimoyama et al. 2010) . CCN3 knockout mice are viable and develop to adulthood with a normal vasculature and ECM composition (Shimoyama et al. 2010) . CCN4 (WISP1) was initially identified as a gene in a mouse mammary epithelial cell line (Pennica et al. 1998 ) with later studies restricting CCN4 protein expression to osteoblast and osteoblastic progenitor cells during development and bone fracture repair (French et al. 2004 ). Thus, its main regulatory roles are in skeletal development and as a modulator of degenerative joint disease. More recent studies, however, have expanded its potential modulatory activities to include cardiac fibroblast proliferation and VSMC migration and proliferation (Liu et al. 2013) .
CCN5 (WISP2) is a growth arrest-specific gene that was discovered in multiple laboratories (Pennica et al. 1998; Zhang et al. 1998 ) and first isolated using a subtractive hybridization approach in VSMC induced with heparin . It has been identified and studied in mice, rat and humans. It is expressed as early as E4.5 with continued expression observed throughout embryonic development (Myers et al. 2012 ). Significant levels of CCN5 persist in EC, VSMC, and heart myocardium which, similar to CCN3, suggests a regulatory role within the adult vasculature. CCN6 (WISP3), to date, has not been shown to be involved with vascular development or any type of vascular disease. It was first identified in a search for homologous proteins (to CCN4 and CCN5) in an expressed sequence tag (EST) database. Its main function appears to be the maintenance of human arterial cartilage (Baker et al. 2012 ) but has also been postulated as a therapeutic target for certain types of breast and metastatic cancers. It is downregulated in aggressive breast cancers which allows activation of TAK1 and p38 kinases as well as AKT phosphorylation (Pal et al. 2012 ) and insulin-like growth factor 1 signaling (Kleer et al. 2004 ). The CCN6 knockout mouse has no observable gross phenotype (Kutz et al. 2005) .
CCN proteins in cardiac and vascular disease
The modular domain structure of CCN proteins in conjunction with their ECM deposition allows them to bind a variety of molecules such as growth factors (GF), heparin sulfate proteoglycans (HSPG), and cell surface receptors (most notably integrins and low density lipoprotein receptors (LRPs)) within the heart and systemic vasculature. One of the important functions of CCNs appears to be as an adaptor molecule, binding growth factors, such as VEFG and TGFβ, and shuttling them near the cell surface via a second binding partner, namely integrins or HSPGs. CCNs binding to the cell surface itself also appears to have a direct role in the initiation of intracellular signaling. These ECM -cell surface interactions are critical for cellular growth and mobility during vascular development and aid in the propagation of vascular diseases such as atherosclerosis and restenosis.
The migratory and adhesive properties of CCN1 upon microvascular endothelial cells was originally reported by Babic in 1998 (Babic et al. 1998) . Since then CCN1 has been shown to promote EC adhesion, migration and proliferation in various EC types and systems (Kireeva et al. 1998 ) as well as adhesion, proliferation and chemotaxis in VSMC . While CCNs do not appear to be master regulators of vascular development, they seem to be important to sustain vessel integrity. The CCN1 knockout mouse embryo during development has large disorganized vessels, with EC and VSMC entering the media layer. The end result is cellular dysregulation, vessel dilation and hemorrhage (Chintala et al. 2015) . In the mature vascular system CCN1 signaling is attenuated. However, during times of active vascular growth or repair, such as wound healing, or under pathological conditions, such as atherosclerosis or cancer, the expression of CCN1 increases at the sites of active angiogenesis. CCN1 has been shown to be upregulated in both a rat carotid artery balloon injury model as well as in mouse and human atherosclerotic plaques (Hilfiker et al. 2002; Mo et al. 2002; Sigala et al. 2006 ). Looking at CCN1 levels after injury in a rat carotid artery balloon injury model, Matsumae et al. found that CCN1 expression was upregulated after 14 and 28 days post-injury in VSMC within the media and neointima of the carotid artery. Knockdown of CCN1 using a CCN1 siRNA lentiviral-mediated vector led to significantly diminished intimal thickening when compared to control arteries and this reduction could be reversed with reintroduction of CCN1. These results suggest that CCN1 plays a critical role in neointimal hyperplasia after vascular injury and that inhibition of CCN1 may be a viable treatment to prevent restenosis after vascular interventions (Matsumae et al. 2008) . CCN1 can also attenuate immune cell infiltration in a model of induced myocarditis (Rother et al. 2010 ) and may play an important role in the adaptation of the heart to cardiovascular stress (Hilfiker-Kleiner et al. 2004 ) which is consistent with the importance of CCN1 in vessel stabilization.
CCN2, similar to CCN1, is believed to function as a matricellular protein, converting growth factor and other forms of ECM signaling into active cellular responses (Abreu et al. 2002; Ponticos 2013 ) CCN2 has been shown to support cell adhesion, migration and proliferation during embryonic growth and at other times of active angiogenesis (Babic et al. 1999) . Vascular defects in the CCN1 null mouse appear toward the later stages of embryonic development (Hall-Glenn et al. 2012) with VSMC dysregulation in size and placement as well as defects within the composition of the ECM. In adulthood, expression of CCN2 is low or absent in most tissues, yet can be rapidly upregulated after vascular injury or in sustained disease states, such as atherosclerosis. CCN2 can stimulate angiogenesis in times of disease or injury (Yan and Chaqour 2013) , however this effect does not appear to be universal, for tissues used from CCN2 knockout mice show no impaired angiogenic response within the eye after ischemic or laser induced neovascularization (Kuiper et al. 2007 ). These disparate observations underscore the importance of localized CCN2 concentrations as well as pro-angiogenic growth factors in the surrounding milieu. CCN2 affects pro-angiogenic cell signaling through interactions with integrins and growth factors and downregulates Wnt signaling (which can affect CCN4, CCN5 and CCN6 transcript levels) through binding to LRP1 (Gao and Brigstock 2003; Segarini et al. 2001) .
Within the scope of cardiac and vascular disease, increased CCN2 protein levels have been found in cardiac myocytes after acute myocardial infarction (MI) (Recchia et al. 2009 ), chronic heart failure (Ahmed et al. 2007; Ahmed et al. 2004) and in aortic aneurysms (Kanazawa et al. 2005) . Similarly, CCN2 is expressed at very high levels within atherosclerotic plaques of mice (Geary et al. 2002) and atherosclerotic, but not normal human blood vessels (Oemar et al. 1997 ). While CCN2 has been shown to be important for VSMC growth and migration and neointimal thickening in a rat carotid artery angioplasty model (Rodriguez-Vita et al. 2005) , the exact signaling pathways used by CCN2 by VSMC in active diseases, such as MI or atherosclerosis, have not been completely elucidated. From several elegant studies, however, mechanistic insight into the role of CCN2 in cardiac and vascular pathologies has been gleaned. CCN2 interacts with various integrins (αvβ3, α6β1, αMβ2) (Chen and Lau 2009; Schober et al. 2002) , growth factors (VEGF , TGF-β (Abreu et al. 2002) ) and other ECM components (HSPG, fibronectin (Hoshijima et al. 2006) ) to induce pro-angiogenic signaling. Interestingly, full length CCN2 can be cleaved into bioactive N-and C-terminal fragments , with subsequent release of sequestered VEGF. Thus the angiogenic response regulated by CCN2 appears to be modulated by both full length CCN2 protein levels as well as the bioactivity of CCN2 fragments produced from the parent molecule by local metalloproteinases.
CCN3 is the first member of the CCN family that seems to have expression patterns and molecular functions that differ from the pro-angiogenic, pro-atherosclerotic natures of CCN1 and CCN2. Building on the original finding that CCN3 was anti-proliferative (Joliot et al. 1992) , Ellis et al. demonstrated that CCN3 expression in VSMC in culture was downregulated upon exposure to growth factors (Ellis et al. 2000) . Immunohistochemical staining of adult rat aorta showed that CCN3 was highly expressed within the VSMC where vascular homeostasis occurs. CCN3 protein levels substantially diminished, however, at day 7 after balloon injury to the carotid artery when vascular repair is prevalent, indicating CCN3, in part, inhibits VSMC-directed tissue and ECM remodeling. Interestingly, CCN3 protein levels increased at day 14 post injury where the vessels are again intact. These results, coupled with the finding that CCN3 affects VSMC adhesion, suggests that CCN3 may be necessary to release VSMC from the ECM to allow migration and proliferation at the site of injury (Ellis et al. 2000) . Work from Shimoyama et al. built on these findings and showed that CCN3 was able to inhibit VSMC proliferation independent of growth factor TGF-β signaling. The anti-proliferative effects were caused, in part, by increased expression of cyclin-dependent kinase inhibitors p15 and p21 through a CCN3/Notch signaling pathway (Shimoyama et al. 2010) . In vivo, CCN3 was found to be expressed and localized to the VSMC of mouse aortas and was significantly reduced under diabetic conditions. Knockout mice for CCN3 showed enhanced neointimal hyperplasia after injury when compared to wild-type mice, adding further evidence that CCN3 is an important regulator of VSMC function and its expression is critical to prevent unwanted neovascularization after tissue repair. Thus, CCN3 protein levels within the vasculature may be important in the regulation of atherosclerotic disease.
To examine this further, Liu et al. looked at the role of CCN3 in atherosclerosis using ApoE deficient mice. Mice deficient for Apolipoprotein E, when fed a high fat diet, develop severe atherosclerotic lesions. CCN3 protein levels in the carotid artery were reduced by over 86 % in ApoE−/− mice when compared to those of wild-type mice (Liu et al. 2014) , which suggests that CCN3 expression is inhibited in the progression of atherosclerosis. Reintroduction of CCN3 through adenoviral mediated delivery attenuated atherosclerotic progression in part by suppressing gene expression of adhesion molecules, vascular cell adhesion molecule-1 (VCAM-1) and intercellular cell adhesion molecule-1 (ICAM-1). Increased CCN3 protein levels also caused the decreased expression of matrix metalloproteinases (MMP-2, MMP-9) and pro-angiogenic factors CCN1 and CCN2. Taken together, CCN3 is a potent inhibitor of inflammation and atherosclerosis in ApoE deficient mice (Liu et al. 2014) .
Recent work from our lab has further expanded the protective role of CCN3 within the vasculature using models of induced abdominal aortic aneurysms (AAA) (Zhang et al. 2016) . Aortic aneurysms are characterized by dysregulation of VSMC function, ECM composition and increased vascular inflammation, the end result being a weakening of the vessel wall with increased rupture potential (Boddy et al. 2008; El-Hamamsy and Yacoub 2009; Krishna et al. 2010; LeMaire and Russell 2011; Nordon et al. 2009 ). Little has been reported on the role of CCN3 within this specific vascular pathology. Compared to CCN protein levels within normal control tissues, CCN3 protein levels are significantly reduced in both induced AAA tissue in mice as well as human infrarenal aortic biopsies taken from AAA patients (Zhang et al. 2016) , confirming previously published results (Lenk et al. 2007 ). These findings suggest a protective role for CCN3 against AAA formation. To confirm this, AAAwere induced in both wild-type and CCN3-deficient mice. The absence of CCN3 caused increases in both the incidence and severity of AAA. The maximal abdominal aortic arch diameter was significantly larger in CCN3 null mice concomitant with enhanced reactive oxygen species (ROS) generation and VSMC apoptosis, leading to a diseased vascular state. This was augmented by severe ECM disruption marked by elastin degradation and increased matrix metalloproteinase activity. Loss of CCN3 also caused an increase in inflammatory infiltrates such as T-cells and macrophages as well as key inflammatory markers monocyte chemoattractant protein-1 (MCP-1) and VCAM-1. Interestingly, viral mediated overexpression of CCN3 attenuated much of the AAA pathology described above.
Since ROS have been shown to play a key role in VSMC apoptosis and the regulation of MMP activity (McCormick et al. 2007) we assessed the effects of oxidative stress upon AAA formation. CCN3-null mice showed reduced incidence and severity of AAA when treated with ROS inhibitors, with increased vessel wall integrity and diminished inflammatory cell numbers and MMP activity. Taken together, this suggests that CCN3, expressed within the VSMC of the media, protects against AAA formation, in part, by attenuating ROS formation, ECM degradation and inflammatory cell infiltration within the aorta.
Mechanistically, CCN3-deficient mice were shown to use different signaling pathways than the canonical ones normally associated with AAA formation (TGFβ, JNK and NFκB). Of note, pharmacological and genetic inactivation of ERK1/2 signaling dramatically reduced AAA incidence and severity in CCN3-deficient mice. These studies add important mechanistic insight into AAA progression within the context of CCN3 depletion and may provide a potential treatment strategy for patients with AAA.
While many studies have explored CCN4, CCN5 and CCN6 within tumors of various cancers, to date, little is known collectively about the roles of these proteins within the vasculature. CCN4 has been reported to promote VSMC migration and proliferation through interaction with α5β1 integrin (Liu et al. 2013) and it has been suggested that inhibition of CCN4 may provide a promising strategy for the prevention of restenosis after vascular interventions. CCN4 has also been shown to promote angiogenesis by inducing VEGF expression and endothelial progenitor cell recruitment in oral squamous cell carcinoma (Chuang et al. 2015) .
While CCN5 has been reported to regulate VSMC proliferation and motility , it is also detected in the nucleus (Wiesman et al. 2010 ). Adding to previous reports suggesting a role for nuclear CCN3 and CCN2 proteins in the regulation of transcription (Perbal 1999; Wahab et al. 2001) , CCN5 has been shown to be a transcriptional repressor of TGFβ in human breast tissue (Sabbah et al. 2011) . As the only CCN family member without the C-terminal cysteine knot domain, it may have the potential to act as a negative regulator to other CCN proteins in vivo disrupting their functions (Perbal 2001; Perbal et al. 2016 ). More work is needed to explore this possibility as well as in vivo studies of CCN4 and CCN5 to further define their contributions to vascular development and disease. While CCN6 is involved in regulation of ECM degrading proteinases (Baker et al. 2012) , no role of CCN6 within VSMC or the ECM surrounding the vasculature has been reported.
Conclusion
The family of CCN proteins have complicated functions within the vasculature. This is due to their modular domain structures which bind a variety of integrins, growth factors, cell surface receptors and many ECM-associated molecules. Little structural detail is known about these interactions. Do CCN proteins bind multiple partners simultaneously, forming tripartite or tetrapartite combinations as suggested by Perbal (Perbal 2001; Perbal et al. 2016) ? If so, which combinations occur in the vascular system and what are their binding affinities? It appears that CCNs can have disparate roles based on their tissuespecific expression levels coupled with the local concentrations of their interacting partners. Within the vasculature, each microenvironment dictates CCN, growth factor, HSPG and integrin bioavailability and determines which ligands, or even other CCN family members, can interact with a specific CCN. Thus, the effect of a particular CCN may drastically differ from one vessel to the next, such as during development versus homeostasis. Much more work needs to be done at the functional level of these proteins to determine their therapeutic potential.
To date, there have only been a few genetic mutations and polymorphisms loosely correlated to human vascular disease (Bouchard et al. 2007; Cozzolino et al. 2010; Jun and Lau 2011; Yamada et al. 2009 ). Levels of CCN proteins in serum may serve as a prognostic tool for specific chronic diseases such as atherosclerosis and cancer, but there is little functional insight into how they may contribute to the onset and progression of disease. Since CCNs share some functional redundancy (especially CCN1 and CCN2), a combinatorial approach targeting multiple CCNs and/or other signaling pathways (TGFβ, TNFα, Wnt) is most likely needed to alleviate any CCN-specific disease pathology.
Future studies clarifying the role of CCNs within the vasculature and in other diseases where angiogenesis plays a central role (such as cancer and diabetic retinopathy) will be of great interest. Basic research studies to understand aneurysm disease. Drug News Perspect 21:142-148
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